The hypothesis that the morphometric characteristics of the littoral zone of lakes are a major determinant of submerged macrophyte biomass was tested in Lake Memphremagog (QuebecVermont) by studying the relationship between maximum biomass of submerged macrophytes and physical and sediment characteristics of the littoral zone. The slope of the littoral zone accounted for 72% of the observed variability in maximum submerged macrophyte biomass (MSMB). By also incorporating sediment organic matter the variance explained was raised to 88% (P < 0.000 1). A model based on only slope as predictor of MSMB was improved by considering slopes >( 5.33%: slope < 5.33% MSMB (g fresh wt m-') = -29.8 + 1,403 slope-0.*1; slope > 5.33% MSMB (g fresh wt m-2) = 13.2 + 3,434 slope-".81. The power of these two equations to predict the MSMB in a variety of temperate lakes was high (r = 0.90, P < 0.0001). However, the temperate zone model overestimates the MSMB in highly turbid lakes where irradiance rather than slope is pre-eminent and underestimates the biomass in semitropical and tropical lakes.
Submerged aquatic macrophytes play a major role in the dynamics of shallow lakes and the littoral zone of many large lakes. Their abundance influences the trophic status (Carpenter 1983) and phytoplankton biomass levels (Landers 1982 ) of shallow lakes. Their surfaces provide a substrate for readily grazeable epiphytes (Cattaneo and Kalff 1980) and their abundance affects fish populations (Wiley et al. 1984) . When their growth is excessive, it affects the economic potential of lakes (Holm et al. 1969) . Consequently, there is growing interest in the factors that control macrophyte development and the extent of their impact on lake ecosystems (e.g. Adams and Prentki 1982) .
Since the successful development of nutrient-based models for predicting phytoplankton biomass (Vollenweider 1968; Dillon and Rigler 1974) , studies have focused on nutrients as the principal determinants of macrophyte growth and biomass. However the results have been inconclusive, with some workers reporting nutrient limitation * A contribution to the Lake Memphremagog Project, McGill Limnology Research Center.
2 The work was supported by the Natural Sciences and Engineering Research Council of Canada to J. Kalff, a Quebec Government FCAR equipe grant to J. Kalff, W. Leggett, and R. Peters, and a World University Service of Canada scholarship to C. Duarte. of submerged macrophyte biomass (e.g. Schlott and Malicky 1984; Lind and Cottam 1969) and a positive effect of nutrients on biomass (Ozimek 1978) and others reporting that macrophyte populations are unlikely to be limited by nutrient levels (e.g. Carpenter and Adams 1977) . In contrast to the clear coupling of nutrient levels and phytoplankton biomass, the link between nutrient levels and submerged macrophytes has remained unclear (Devol and Wissmar 1978) and macrophyte control remains an elusive goal. Although some research has shown the effect of light (e.g. Jupp and Spence 1977a; Barko et al. 1982 ) and wave action (e.g. Jupp and Spence 19776) on macrophyte biomass, this information is insufficient to explain differences in submerged macrophyte biomass.
It may be that the relative weakness of such relationships for macrophytes derives from the physical heterogeneity of the littoral area. Topographic and morphometric differences result in differences in littoral dynamics caused by associated variations in slope, wave action, and the input of allochthonous materials. Slope in particular can be a major factor controlling the physical characteristics of the sediments by affecting sediment stability and the deposition of fine nutrient-rich materials 1072 (HAkanson 1977) . Variation in slope can also modulate wave action in the littoral. The influence of slope on aquatic macrophyte biomass has been suggested by several investigators (e.g. Pearsall 19 17; Margalef 1984) , who noted that submerged macrophyte biomass decreases where the slope nearshore is steep. However, no quantitative relationship describing this trend has yet been produced.
We will first examine and quantify the relationship between slope and macrophyte biomass in a single lake to determine the strength of the relationship suggested to the influence of other factors that contribute to habitat heterogeneity, such as wave action and sediment type. We will then test the hypothesis that lake morphology is the prime determinant of the maximum submerged macrophyte biomass (MSMB) and show that a model developed in Lake Memphremagog, with its highly variable contours and exposures, is a good predictor of biomass elsewhere in the temperate zone.
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Methods
The study was carried out in dimictic and oligo-to mesotrophic Lake Memphremagog (Quebec-Vermont), which differs greatly in littoral morphometry and wind exposure along its 45-km length (see Pace 1984) .
We chose sites by dividing a map of the littoral zone into 500 uniformly spaced sections, using topographic and bathymetric information to infer slope and fetch for all the sections. Ward's clustering criterion (SAS Inst. 1982 ) was then applied to group the sections into 44 clusters covering the widest combination of slope and fetch. For each cluster the site with the smallest Euclidian distance (Orloci 1975) to the centroid of the cluster was then selected for macrophyte and sediment sampling.
The "weighted effective fetch" was calculated by a modification of the Beach Erosion Board (1972) method. The distance from each sampling station to the farthest point visible on the opposite shore was dctermined for the eight compass bearings (N, NW, W, SW, S, SE, E, NE) and for angles of plus and minus 11.25" and 22.5" of each bearing. The distances measured for a given bearing were combined according to the formula:
where F is effective fetch (km), Di is'distance for i degrees of the bearing, and i is angle from the bearing (OO, + 11.25", k22.5"). The values for each of the eight compass bearings and the frequencies of wind from the same bearing obtained from records of the past 3 years by a meteorological station at the north end of the lake were combined to yield a single value of fetch with the formula: WEF = C FiWJ;: i=l where WEF is weighted effective fetch, Fi is fetch for bearing i, and wJJ: is wind frequency for bearing i. These calculations provide corrections for wave modifications due to lake morphometry and also take into account the particular wind regime of the area studied and thus provide reliable estimations of wave action at particular sites along the lake.
We got a more accurate value for the littoral slope for each site by measuring the angle between water and sediment surfaces measured along a transect perpendicular to the shore, using an echosounder (SiTex Honda). Littoral slope estimates for these sites, from the lo-m-depth isopleth of a bathymetric map (1 : 3 1,650), were used to compare data from other lakes of which slopes were also taken from bathymetric maps.
Early in August we found the depth of maximum submerged macrophyte biomass (MSMB) for each site in Lake Memphremagog by sampling 'the biomass along two transects perpendicular to the shore and sampled at this depth 3-5 times between mid-August and mid-September, the period of maximum submerged biomass. All plants within a quadrat (0.78 m2) were harvested by SCUBA divers and kept refrigerated for l-2 days until processed. Plant material was washed free of animals and detritus and the fresh weight determined after drying the plants by spinning them for 3 min in a salad spin-dryer.
We measured sediment characteristics from two cores (4-cm i.d.) taken within the quadrats on each sampling date and kept refrigerated until processed (within 24 h). The upper 5-cm stratum was extruded, and, for each core, water content was calculated from the decrease in weight after drying overnight at 110°C. Organic matter was determined after oxidizing the sediments overnight at 550°C. Total phosphorus was measured according to Andersen (1976) . We measured the Secchi disk depth early in September at 30 of the 44 stations as an index of the possible limitation of macrophyte biomass by light.
To allow comparison of our data with those from the literature, we determined the slopes at the sampling sites reported from bathymetric maps, using the slope between the shoreline and the 5-or 10-m depth contour, where the MSMB was measured at the time of maximum biomass (August to midSeptember for temperate lakes). All literature data were transformed to grams fresh weight per square meter by assuming dry weight to be 10% of fresh weight, and dry weight to have an ash content of 20% and an organic carbon content of 37% (Westlake 1963) .
Linear regression was used to model the relationships between variables unless we found an increased precision or a significant improvement in the distribution of residuals by using nonlinear models. A stepwise linear regression procedure was used to select the independent variables for each model. Independent variables were, when necessary, transformed (Box and Tidwell 1962) to meet the statistical requirements of linear regression. When the relationship between the dependent and independent variable changed for different values of the independent variable, the data set was split for additional analysis at the midpoint between those two adjacent values of the independent variable where the following expression was maximal (see Breiman et al. 1984) :
where RSS is the remaining sum of squares about the mean, DSS the sum of squares about the mean for the entire data set, and Dl SS and D2SS the sum of squares about the means of groups 1 and 2. Linear regressions were then determined between the dependent and the independent variables for each group and the slopes of the regression compared with a t-test. When the slopes of the two groups were significantly different (P < 0.0 l), the separate equations were used to model the relationship between the variables.
Results
The range covered by the variables studied is given in Table 1 . The slope of the littoral was best correlated with MSMB (Table 2). Other variables significantly correlated with MSMB were fetch and sediment water content, with the latter in turn highly correlated with sediment organic matter. The relationship between slope of the littoral and MSMB was further explored by regression analysis. A power transformation with an exponent of -0.8 1 was found to be the best transformation to linearize the relationship between MSMB and slope of the littoral. The model obtained explained 72% of the variance (Fig. 1) . The equation predicting MSMB from slope was MSMB = 124.47 + 990 slope-o.81 (1) Fe.= 0.725, n = 44, F-110.9 (P < O.OOl), ,nt = 62, SEslope = 38.4.
The relationship between MSMB and slope has an uneven distribution of residuals, with most higher slopes having negative residuals, This suggested that littoral slope and macrophyte biomass relationships might be different for gentle and steep slopes. Further analysis confirmed that a littoral slope of 2.24% provided the best division of the data set, reducing the variance of MSMB by 47% upon dividing the data between sites with slope 22.24%. When the two data sets were analyzed separately, the slopes of the two More of the variance in MSMB is explained by slope at gently sloped sites (~2.24%) than at steep sites. Furthermore the relationship between the different variables measured differs for the two slope categories (Table  3) , with fetch having a significant correlation with MSMB only at low slopes and with sediment characteristics being highly correlated with MSMB at steep sites. MSMB = 38.7 + 3.3 Org.matter + 1,005 slope-0.8L (4) R2 = 0.87, n = 44, F = 149 (P < 0.0010, SEint = 25.7, SEOrg.matter = 0.9, SEslope = 70.8.
Other independent variables did not significantly improve the power of the relationship to explain variation in maximum submerged macrophyte biomass.
When, for comparison with the literature, we determined slopes from a bathymetric map, the critical value separating steep and gentle slopes was 5.33%. The equations predicting MSMB from these slopes were slope < 5.33%
The proportion of the variance of MSMB MSMB = -29.8 + 1,403 slope-o.81 (5) Table 2 . Correlation coefficients between the measured variables sediment water content, sediment organic matter, and sediment total phosphorus in Lake Memphremagog (n = 44). Units given in Table 1 To test the power of these relationships for other lakes, we compared observed values from the literature with predictions made from Eq. 5 and 6 (Fig. 2, Table 4 ). The high coefficient of determination (R2 = 0.8 1) shows that our models are able to make reasonably good predictions of MSMB in temperate lakes with mean Secchi disk depths > 2 m.The slope of the linear regression between the observed and predicted values does not differ from 1 and the intercept is not different from 0 [slope 1.105, Ho : slope = 1 (P = 0.49); intercept 48.7, Ho : intercept = 0 (P = 0.39)], so predictions are not obviously biased. However, the model underestimates the observed biomass slightly (sign test, P -C 0.02) by, on average, 15%.
Discussion
Although the possible influence of slope on submerged macrophyte biomass was suggested by Pearsall (19 17) and subsequently reiterated (e.g. Margalef 1984), ours is the first study to quantify the relationship and use it predictively. Our results show the great influence of the slope of the littoral on the biomass of submerged macrophyte communities. The reason for this strong correlation cannot be inferred from the results presented, but the data suggest some explanations as more probable than others. The first and most obvious difference between steep and gently sloped littorals is the difference in physical stability of the sediment. A gently sloped littoral allows the deposition of fine materials, while steep slopes are mainly areas of erosion and sediment transport (Hakanson 1977) . The observed differences in the correlation coefficients between macrophyte biomass, fetch, and sediment characteristics for sites with slopes 22.4% further suggests that the differences are the result of a mechanism linked to slope. The absence of a correlation between fetch and MSMB at high slopes (Table 3) indicates that waves are unlikely to be the factor responsible for the decreased MSMB in steep sites. Instead the existence of a slope break point (2.24-5.33%), below which the relationship between sediment characteristics and MSMB changes, strongly points to slope for the lack of success was not that biomass and the associated differences in water con-is unrelated to sediment variables but rather tent of the sediments (Selby 1982) as factors that biomass is strongly related to slope, that allow sediment slumping or debris flow whereas sediment variables bear no conon steep slopes but not on shallow ones. stant relationship to slope (Table 3) . We Hakanson (1977, p. 406) was the first to believe that the higher threshold value note a threshold value when he reported (5.33%) obtained when we used maps, raththat "the physical character of the surficial er than echosounding transects at the samsediments is, as given by the water content, pling sites results from lack of precision and practically independent of the slope for ina scale-dependent bias in estimating slopes clinations less than 3.8%." His critical value from bathymetric maps. This difference in is very close to our threshold value between the precision of the maps used probably is MSMB and slope (2.24%). Threshold values responsible for the tendency of the Memrelated to slopes are an indication of slumpphremagog models to underestimate the ing, with slumping by gravity alone having MSMB in other lakes, since the Memphrebeen reported for underwater slopes as low magog bathymetric data had the largest scale as 0.5% (Prior and Suhayda 1979) . of those included. There have been many, largely unsuccessful, attempts to link macrophyte biomass to sediment and underwater light conditions (e.g. Barko et al. 1982; Barko and Smart 1983; Chambers and Kalff 1985) . It is now apparent that the principal reason Sediment organic matter has been shown to influence macrophyte growth, at least under laboratory conditions, but whether the influence is positive or negative appears to depend on both the nature and concentration of the organic matter (Bark0 and Smart 1983). We found an increase in MSMB with increasing sediment organic matter over the range encountered in Lake Memphremagog (Table l) , but whether this correlation reflects a direct effect of organic matter content or an indirect effect of the energy climate in the littoral remains to be resolved.
The good correlation between the predicted biomass and observed MSMB values from the literature (Table 4 , Fig. 2 ) makes it evident that the two Lake Memphremagog equations (Eq. 5, 6) can be used to predict the biomass of submerged macrophytes over a wide range of conditions. The models also correctly predict the direction of change in a shallow lake in which the mean depth, and consequently the slope, was increased as the result of dredging. When the mean depth of Lilly Lake, Wisconsin, was increased from 1.4 to 2.3 m, the mean macrophyte biomass decreased from 42 1 to 235 g dry w-t mm2 between 2.5 and 4 m (Nichols 1984) as would be predicted from the change in slope associated with the increased mean depth. Unfortunately Nichols (1984) did not give sufficient information to apply the Lilly Lake data to our model in a more precise manner. Slope also has an effect on plant abundance above the waterline (Sain et al. 1984) , suggesting that the relationship observed between slope and submerged plant biomass extends to different plant communities as well.
That models developed in one lake are useful in making a first prediction of MSMB in a wide variety of temperate lakes is an affirmation of the very great importance of slope and associated sediment conditions on macrophyte biomass. That our model, on average, underestimates the literature biomass by 15% is a minor flaw, probably attributable to the exceptionally wide contour intervals (10 m) available for Lake Memphremagog.
These wide intervals overlook the normally low-slope shelf present before the slope steepens toward the sublittoral; as a consequence wide intervals overestimate the average slope and underestimate the biomass. This is evident from the fact that the contour maps overestimated the littoral slope, as measured with an echosounder, at 80% of the sites. This error is probably largely responsible for the modest 15% underestimate of temperate zone biomass with the Lake Memphremagog model.
Our model was developed and tested for temperate lakes ranging from oligotrophic to eutrophic and is, therefore, not expected to be appropriate for either hypertrophic lakes with Secchi disk readings of <2 m or tropical lakes. Thus, highly turbid Neusiedlersee (Austria: Schiemer and Prosser 1976) and Lochlosa (Florida: Canfield et al. unpubl. data) with Secchi disk readings of 0.5 and 0.7 m had biomasses 47-and 2.6-fold lower than predicted, supporting the observation (Ozimek and Kowalczewski 1984 ) that highly turbid lakes have little biomass because of light limitation. In contrast, tropical and subtropical lakes Swartvlei (South Africa: Howard-Williams and Allanson 198 l), Fairview, and Stella (Florida: Canfield et al. unpubl. data) have an MSMB 4-6 times greater than predicted, probably linked to the much greater solar radiation received during the long growing season. The relatively small reduction of biomass in highly turbid subtropical Lochlosa compared to turbid but temperate Neusiedlersee may well reflect the general tendency for subtropical lakes to support a higher biomass.
The agreement between observed and predicted biomass in temperate lakes (Fig.  2) is certainly lowered as the result of the widely varying sampling techniques used in the literature reports. For example, our model underestimates the MSMB where dredges rather than SCUBA divers were used to collect the plants (Table 4 ). The error was significantly higher for the former (t-test, P < 0.05), suggesting a probable overestimate of biomass obtained with dredges. Forsberg (1959) too reported that samplers consistently overestimate the biomass of submerged macrophytes when compared with hand-cutting techniques. Richardson (1974) , who used a surface-operated device to estimate macrophyte biomass, acknowledged that his biomass estimates were probably overestimates because Elodea canadensis formed a thick mat that could hardly be discriminated from the biomass enclosed in the sampling area.
The influence of nutrient concentrations on MSMB appears to be small compared to their role in determining phytoplankton biomass. This is further evident from the modest responses of macrophytes to fertilization in Lake Memphremagog (Anderson 1985) , pointing to the stronger relationship between morphometry and biomass of submerged macrophytes. We have demonstrated and quantified the role of slope in determining the maximum biomass of submerged macrophytes in a wide variety of lakes that differed greatly in their macrophyte species composition (Table 4). The models produced are applicable to all but highly turbid temperate lakes and subtropical and tropical lakes; the influence of large differences in light levels is shown by the poor estimations of MSMB based on slope of the littoral alone in such lakes. Further research on the interaction of the effect of light and slope on MSMB is needed if more universal models are desired. Following a period in which much attention has been focused on nutrient supply rates to lakes, the demonstration of the relevance of lake morphometry to macrophyte as well as to phytoplankton biomass (Sakamoto 1966) and fish catches is an appropriate reminder that lake morphometry should not be overlooked in the characterization of lake productivity.
